Currently cryopreservation is applied mainly for safe long-term germplasm conservation of seedless and thus vegetatively propagated crops like banana (Musa spp.). Three cryopreservation methods for shoot-tip cultures of banana are currently available. The first method relies on rapid freezing of highly proliferating meristem cultures precultured for 2 weeks on 0.4 M sucrose. The second method is based on vitrification of tiny meristems excised from rooted in vitro plants. The third, and until now most successful protocol, is a combination of the previous ones; vitrification of highly proliferating, sucrose-precultured meristem cultures. Postthaw regeneration rates are up to 75 %, depending on the cryopreservation protocol and the cultivar. Besides its traditional application for germplasm storage, cryopreservation of meristem cultures can also result in virus eradication of BSV and CMV from infected plants. Only the most meristematic, and thus the least virusinfected, part of these cultures regenerates after freezing. Finally, cryopreservation can also be applied to plant material with specific characteristics, such as medicinal and alcohol producing cell lines, genetically transformed tissues and transformation competent tissues. The safe storage of transformation competent embryogenic cell suspensions of banana is of utmost importance since their initiation is difficult and time-consuming and their morphogenic capacity decreases with time. Cell cultures were recovered after 4 years of storage in liquid nitrogen. We showed that viability and regeneration capacity remainded intact, as well as competence to Agrobacterium mediated transformation.
INTRODUCTION
Bananas (Musa spp.) are grown in approximately 120 countries where they provide sustenance to millions of people. With a yearly production of around 88 million metric tons they are the most important fruit crop in the world. The export trade, which deals almost exclusively with one variety, 'Cavendish', accounts for only 13 % of world production. The remaining production is locally consumed and consists of a large range of varieties with different eating or cooking qualities; local dessert bananas, true plantains, highland bananas and cooking bananas etc.
Banana plantations are extremely vulnerable to pests and diseases due to clonal propagation and monoclonal cultivation of this crop. Besides dealing with phytopathologic constraints, bananas could also be improved for tolerance to wind, salinity, cold and water stress, and increased yield, shelf life and fruit quality. Germplasm collections can provide a source of such 'superior' genetic material. Moreover, the availability of a wide variety of germplasm is essential for both classical and modern breeding.
Seed preservation, the most convenient method to preserve plant germplasm, is not applicable to edible (seedless) banana cultivars. Field collections lose germplasm (genetic erosion) because of pests, diseases and adverse weather conditions and their maintenance is labour-intensive and expensive. Therefore, in vitro collections were established. However, the maintenance of such in vitro banana collections is labourintensive, and even at reduced growth conditions, there is always the risk of losing accessions due to contamination or human error. Moreover, in vitro material is subject to somaclonal variation. Cryopreservation or freeze-preservation at ultra-low temperatures (-196°C) is the method of choice since at these conditions biochemical and most physical processes are arrested. As such, plant material can be stored for unlimited periods. Currently, three cryopreservation protocols are available for shoot-meristematic tissues of banana; (i) simple freezing of proliferating meristem culture using a sucrose preculture (Panis et al., 1996) (ii) vitrification of apical meristems (Thinh et al., 1999) and (iii) vitrification of sucrose-precultured meristem cultures (Panis et al., 2000) . Further optimisation of the latter protocol is presented below.
Until now, the availability of embryogenic cell suspensions has been an essential requirement for genetic engineering of Musa spp. (Sagi et al., 1995 : Hernandez et al., 1998 . However, the initiation of transformation competent banana embryogenic suspensions remains a difficult and time-consuming endeavour. Moreover, once initiated, they are subject to somaclonal variation, loss of regeneration capacity and contamination (Schoofs et al., 1999) . Their safe, long-term storage through cryopreservation is therefore recommended.
Recently, it was discovered that cryopreservation is not only applicable as a conservation tool but can also be applied to eradicate plant viruses (Helliot et al., in press ). Successful eradication of Cucumber Mosaic Virus (CMV) and Banana Streak Virus (BSV) from proliferating shoot cultures of banana through cryopreservation is reported.
MATERIALS AND METHODS
Cryopreservation of Meristem Clumps through Vitrification 1. Starting Material and Preculture. All varieties were obtained from the in vitro INIBAP Musa germplasm collection situated at K.U.Leuven, Belgium. In order to prepare 'Cauliflower-like' meristem clumps, shoot-tips were transferred to semi-solid Murashige and Skoog (1962) medium supplemented with 100 µM BA and 1 µM IAA (p4 medium). Every 1 to 2 months, the material was subcultured but only small clumps of 'cauliflowerlike' meristems were selected and transferred to fresh medium. As soon as 'cauliflowerlike' clumps were obtained, white meristematic clumps of about 4 mm diameter, each containing at least four apical domes were excised and transferred onto a preculture medium. The preculture medium consisted of Murashige and Skoog (1962) elements supplemented with 10 µM BA, 1 µM IAA and 0.4 M sucrose. These cultures were kept for 2 weeks under normal growth conditions after which meristem clumps of 1.5 to 3 mm diameter (containing 3 to 5 meristematic domes) were excised. (Sakai et al., 1990) . These compounds were dissolved in MS medium, pH adjusted to 5.8 followed by filter sterilisation. The meristems were subjected to the PVS2 solution for 60, 120, 150 or 180 min at 0°C. During this period, the meristems were transferred from the PVS2 in plastic containers into cooled 2 ml sterile Cryo Vials which contained 1 ml of fresh ice-cold PVS2. After the PVS2 treatment, cryotubes were plunged into liquid nitrogen. 3. Thawing, Deloading and Regeneration. The tubes were rapidly thawed by stirring the cryotubes in a warm water bath (40°C) for 1 min 20 sec. Directly after thawing, the toxic PVS2 solution was removed and replaced by the deloading solution for 15 min at room temperature. The deloading solution consisted of 1.2 M sucrose dissolved in MS medium (pH 5.8). Then, meristems were placed onto 2 sterile filterpapers on top of a semi-solid hormone-free MS medium containing 0.3 M sucrose. After two days, meristems were transferred onto regeneration medium without filterpapers. The first week of culture was always conducted in the dark.
Cryopreservation of Embryogenic Cell Suspensions and Transformation 1. Plant Material. Embryogenic banana (Musa spp.) cell suspensions were initiated from proliferating meristem cultures of different banana cultivars as described by Schoofs (1997) . They were maintained in liquid ZZ medium which contained half strength MS macro elements and iron, MS microelements, 5 µM 2,4-D, 1 µM zeatine, standard MS vitamins, 10 mg/l ascorbic acid, 30 g/l sucrose and 2 g/l gelrite. 2. Cryoprotection, Freezing and Storage. Cell suspensions were treated for 1 hour with a cryoprotective solution that contained 7.5 % DMSO and 180 g/l sucrose. Samples of 1.5 ml of the cryoprotected suspensions were cooled with a rate of 1°C/min to -40°C, after which they were transferred to liquid nitrogen. A cooling rate of 1°C/min was achieved in (i) a stirred methanol bath (Cryocool CC-60, Exatrol and agitainer from Neslab, Portsmouth, New Hampshire, USA) or (ii) a Nalgene TM cryo 1°C Freezing Container (Cat.No. 5100-0001). After storage, cryotubes were rapidly thawed in a beaker filled with sterile water of 40°C for about 1.5 to 2 min until most of the ice had melted (Panis et al., 1990) . 3. Recovery. Thawed cells were plated on semi-solid medium ZZ in 90 mm Petri dishes. Two months after thawing, Petri dished were screened for the presence of embryogenic callus. If embryogenic callus was present, the regrowing callus was transferred to liquid ZZ medium and regularly subcultured. 4. Transformation. Embryogenic cell suspensions of banana were transformed according the method described by Hernandez (2000) . In this experiment, a suspension line of the plantain cultivar Three Hand Planty -THP (7+8)-was used. This suspension was established from proliferating meristem cultures in July 1994 and frozen and stored in liquid nitrogen at different time intervals (10 April, 1996; 27 September, 1996 and 22 May, 1997) . On December 21, 1999, the suspensions were thawed and plated on semi solid media. Subsequently, liquid cell suspension cultures were re-established from regrowing embryogenic calli. These 3 cell lines, together with a control (not frozen) suspension of the same cell line, were subjected to transformation on the 9th of November, 2000. The Agrobacterium tumefacience strain used for transformation contained the pFAJ3000 plasmid. This plasmid had an intron-interrupted gusA gene (reporter gene) under the control of a CaMV 35S promotor, and the neo gene coding for neomycin (selectable marker) phosphotransferase driven by the nopaline synthethase promoter (nos). Transient gene expression in banana cells was visualised after 6 days of co-cultivation with Agrobacterium as a number of blue spots after a 4-hours treatment with X-Gluc. After three months of culture on selective medium (Semi solid ZZ supplemented with 50 mg/l geneticin), independent putative transformed cell clumps were counted and transferred to regeneration medium. After 3 months, the number of regenerated plants was counted Virus Eradication 1. Infection of Plants with Viruses. The CMV isolate, originating from Colombia, was maintained in tobacco and mechanically transmitted to Williams BSJ (ITC 0579) plants. Leaves of CMV infected tobacco plants were homogenised in a phosphate buffer (0,05 M KH2PO4, 0,01 M DIECA, pH 7,2) to which carborundum (75 mg/ml) was added as an abrasive. Musa plants (4 to 6 leaves) were kept under low light conditions during the 12 hours prior to inoculation. Ten minutes after inoculation, leaves were rinsed with water. Plants were kept under low light conditions for 4 to 5 hours, before maintenance under normal light conditions. BSV infected plants belonging to the same cultivar were kindly provided by J. Thomas (QDPI, Australia).
Cryopreservation.
From the CMV and BSV infected material, 'cauliflower-like' meristem clumps were prepared. These were cryopreserved using the method described above. 3. Virus Detection. First tests were performed on regenerated in vitro plants; CMV by Enzyme Linked ImmunoSorbent Assay (ELISA) with the Loewe kit (Biochemica GmbH) according to manufacturer's instructions, and BSV by TAS-ELISA according to protocol and with the antibodies kindly provided by B.Lockhart (University of Minnesota, USA). The sanitary state of the "negative" plants was controlled a second time after a two-month acclimatisation phase in the greenhouse.
RESULTS AND DISCUSSION

Cryopreservation of Meristem Clumps through Vitrification
Previous results (Panis et al, 2000) showed that post-thaw recovery of precultured meristem clumps treated for 1 h with PVS2 was very cultivar dependent and sometimes very low. It ranged between 3% for recalcitrant cultivars like Mbwazirume (East African highland banana) and 69 % for Williams (AAA dessert banana). Therefore longer PVS2 treatments were trialled for some cultivars which proved to be relatively recalcitrant towards cryopreservation. For meristems of most plant species, a 20-40 min PVS2 treatment has been shown to be optimal for cryopreservation (Thinh et al., 1999) . Prolonged treatments are believed to be toxic. However, for sucrose precultured banana meristems, prolonged treatment resulted in higher post-thaw viability rates and more importantly, higher post-thaw regeneration rates (Fig. 1) . In particular, the 2.5 h PVS2 treatment proved superior with an average increase in post-thaw regeneration of 15 % when compared to a 1h PVS2 treatment. The longest treatment (3 h) caused a drop for all cultivars except Kamaramasenge. Observations of the PVS2 treated but non-frozen meristem clumps revealed a relatively slight decrease in post-thaw regeneration following long PVS2 treatments (results not shown). Also, the number of shoots per meristem clump arising from 3 h treated meristem clumps was less. The high tolerance of banana meristems towards long PVS2 treatments can be explained by the 2-week sucrose preculture. It is known, that sugars can maintain the liquid crystalline state of the membrane bilayers and stabilise proteins under frozen conditions (Kendall et al., 1993) . Disaccharides like sucrose seem to be very effective membrane protectors (Crowe et al., 1984) .
Cryopreservation of Embryogenic Cell Suspensions and Transformation
Originally, the methanol bath was applied to obtain slow freezing because the Nalgene box did not result in satisfactory results. However, with careful monitoring of temperature decrease in a representative tube with a temperature probe (Cote et al., 2000) , post-thaw recovery results comparable with the methanol bath were obtained. Since, the latter method proved simpler, it is now applied for routine cryopreservation of embryogenic banana cell suspensions. The most important parameter affecting post-thaw regrowth of embryogenic cell suspensions was their quality. Most suspensions which contain a high proportion of embryogenic cells (cells which are isodiametric and characterised by a relatively large nucleus, small multiple vacuoles and tiny starch and protein grains) survived cryopreservation. 'Less ideal' suspensions, containing a low proportion of embryogenic cells, or in which 'embryogenic' cells are highly vacuolated or contain big starch grains, seldom survived the freezing process. Currently, 48 cell lines belonging to 14 banana cultivars, representing 651 cryotubes, have been safely stored into liquid nitrogen (Table 1) . Since transformation requires embryogenic cell suspensions in liquid media, regrowing calli were reinitiated in liquid media. Most of the cell suspensions thus obtained displayed embryogenic characteristics comparable to the nonfrozen controls. Also, different embryogenic cell lines of the cultivars Williams and Three Hand Planty, which were stored in liquid nitrogen up to 4.5 years, were thawed and 54 reinitiated. As expected, no decline in regeneration capacity was observed due to the long storage period.
We observed that prolonged storage in liquid nitrogen (2.5 up to 3.5 years) did not affect the transient gus expression of re-inititated embryogenic cell suspensions. The Tukey honest significant difference (HSD) test at an alpha level of 0.05 did not show significant differences (Table 2) . Since transient expression levels give only an indication of the number of cells into which the foreign gene entered and subsequently translated into an active protein, stable transformation data were also gathered. For this, the number of independent putative transformed cultures after selection on 50 mg/l geneticin as well as the frequency of these cultures giving rise to shoots were counted (Table 3) . For 2 out of 3 cryopreserved suspension cultures, the number of independent putative transformed cultures was not significantly different from the non-frozen suspensions. THP (7+8), cryo 22/05/1997 resulted in a significantly lower number of surviving clumps despite its comparable transient gus expression. This might be related to an inferior physiological state of this suspension at the time of transformation. Indeed, it is observed that, in time, a specific suspension can sometimes display big differences in regeneration and transformation capacities. Importantly, in all suspensions, an almost comparable number of transformed shoots was produced.
Virus Eradication
When looking at the sanitary status of plants regenerated after in vitro multiplication (CC) , that reflected the virus spontaneous eradication rate, 4% and 52% of them appeared CMV-and BSV-free, respectively, after the first test (Fig. 2) . The percentage of healthy plantlets was respectively 4% and 76% for the material regenerated after a 1-2 mm meristem culture (Cm). However, up to 34% and 90% respectively for CMV and BSV of frozen material (F) resulted in virus-free plants. The sanitary state of plants was stable when checked after the second test that was performed on plants acclimated in a greenhouse for several months.
In the case of meristem culture, it was observed that the smaller the size of the excised meristems the higher the eradication rate. This was probably due to the uneven distribution of the virus in the plant and to the increase of the virus titre distally from the apex (Kartha, 1986) . The reason that the meristematic zone fails to support virus growth is quite unknown. Matthews (1991) suggested that in dividing cells, normal mRNAs, which are present in high concentration in active cells, may compete more effectively with viral RNAs for the translation apparatus, or that the cell-to-cell movement protein is unable to function in meristematic cells due to the lack of selectivity for the sequence of nucleic acid it transports (Hake and Char, 1997) . Moreover, the size and the number of plasmodesmata necessary for the cell-to-cell virus translocation increased distally from the meristematic cell.
Light microscopical observations on banana meristems (results not shown) indicated that cryopreservation acts as a micro-scalpel, keeping alive only a few layers of meristematic cells and killing the highly hydrated parenchymatic cells. This, together with the fact that the upper layer of meristematic cells contains a low titre of virus particles, could explain the CMV and BSV eradication rate obtained by cryopreservation of proliferating meristem clumps.
In conclusion, cryopreservation seems to be a very promising technique for virus disease eradication from Musa. The time-consuming task of meristem excision is avoided and in addition, the problem of blackening due to the polyphenol oxidation occurring during this step is overcome. The number between brackets indicates the number of negative plantlets out of the total plantlets tested by ELISA. The first test was performed on in vitro plants after the regeneration. The second test was performed on in vivo plants after acclimatisation in the green house CC: control plantlets after the direct regeneration from the stock material; Cm: control plantlets regenerated after meristem culture; C: control plantlets regenerated after cryoprotection into PVS-2 solution; F: plantlets regenerated after cryopreservation 59
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